Abstract: Based on the polarization interference technique, we propose a modified method for simultaneously measuring the beat length of all guided modes in a polarizationmaintaining few-mode fiber (PM-FMF). We experimentally demonstrate the effectiveness of our proposed method on a 3-mode PANDA-type PM-FMF. The simultaneous measurement results agree well with the results obtained by one-by-one measurement process. What's more, the modified measurement method is easier to be implemented and more scalable to a larger mode number.
Introduction
As communication capacity demand in optical fibers grows exponentially, multiplexing in time, wavelength, polarization and phase all have been utilized to increase the capacity of single-mode fiber (SMF) communication systems. It is generally known that the capacity of a communication channel cannot exceed the Shannon limit [1] , [2] . In order to break the nonlinear Shannon limit of SMFs, space division multiplexing (SDM) technology based on few-mode fibers (FMFs) or multicore fibers (MCFs) has been investigated as a promising approach to solve the capacity crunch problem expected in the near future [3] - [6] .
SDM using FMFs typically relies on multiple-input-multiple-output (MIMO) equalization algorithms to compensate mode crosstalk penalty [7] - [9] . In this case, the algorithmic complexity grows rapidly with the increase of the mode number. Polarization-maintaining few-mode fiber (PM-FMF), as a novel kind of fiber, can be really helpful to realize MIMO-free transmission because of the elimination of polarization crosstalk and also has excellent prospects for applications in optical sensors [10] - [12] . Undoubtedly, it is urgently needed to explore effective measurement methods of PM-FMF to promote its further development. The beat-length as a key parameter of PM-FMF has attracted great attention in recent years. In [14] , we have applied the polarization interference technique (which is widely used for the beat-length measurement of polarization-maintaining single-mode fiber [13] ) to PM-FMF and proposed a mode-by-mode method to measure the beat-length of each mode. However, this approach cannot be implemented to measure beat-lengths of all guided modes simultaneously. The measurement process is tedious and especially ineffective for fibers supporting more numerous modes.
In this paper, we propose and experimentally demonstrate, for the first time, a modified method that is suitable for measuring beat-lengths of all guided modes in PM-FMF simultaneously. In particular, in the measurement system, we use an FMF patch cord for detection. A 3-mode PANDAtype PM-FMF (supporting LP 01 , LP 11a and LP 11b ) is tested and the results match well with those measured by mode-by-mode method. Under the same measurement accuracy, the modified measurement method is easier to be implemented, and more flexible to extend to a larger mode number.
Experimental Setup and Principle
The proposed measurement method can be experimentally demonstrated with the setup shown in Fig. 1 . The amplified spontaneous emission (ASE) broadband light source is coupled to one end of the PM-FMF through a free-space collimator. Linear polarizers are inserted to generate polarized light interference. By adjusting the phase plate, the fundamental and high-order modes in PM-FMF are excited, and then the interference spectrum received by an FMF patch cord can be monitored by an optical spectrum analyzer (OSA).
The optical field after polarizer 2 is a superposition of all linearly polarized (LP) modes, where the optical field of the i-th mode can be expressed as [13] 
where the subscript i denote mode index; A i is the i-th mode input amplitude; c is the speed of light; ϕ is the initial phase; L is the fiber length; λ is the wavelength; n e−i and n o−i are the refractive indices of the two polarizations of the i-th mode; and R = cos(α) cos(γ), S = sin(α) sin(γ); α is the angle between principal axis of the polarizer 1 and the principal axis of PM-FMF, γ is the angle between principal axis of the polarizer 2 and the principal axis of PM-FMF. The broadband ASE light source is modulated by the beat-length, and the polarization interference spectrum of the i-th mode after polarizer 2 can be written as [14] 
where n i = n e−i − n o−i . In general, the optical field of all guided modes can be simultaneously received by either an FMF patch cord or an offset SMF patch cord. When an offset SMF patch cord is implemented for detection, the polarization-interference spectrum at OSA is then given by
where the subscript i and j denote mode index; κ i and κ j are the optical power coupling coefficient between PM-FMF and the offset SMF patch cord. The first term on the right in equation (3) represents the intra-mode interference, which is required in our measurement, and the second term is the inter-mode interference intensity, which becomes disturbances from the coupling between different modes. The interference intensity between the i-th mode and the j-th mode (i = j) can be written as [14] 
The cross items I i −j emerge mainly due to the inevitable mode coupling at the splice of PM-FMF and SMF, which potentially affects beat-length measurement. However, the issue does not exist when an aligned FMF patch cord and a free-space OSA is utilized. So, we propose to use a four-mode fiber patch cord to receive all guided modes in PM-FMF. Cross items will be eliminated during detection due to the orthogonality of the guided modes, and then the modified polarizationinterference spectrum can be simply given by
where η i is the optical power coupling coefficient between PM-FMF and the FMF patch cord. Comparing equation (3) with equation (5), our proposed method can effectively avoid inter-mode interference terms I i −j when measuring the beat length of all guided modes simultaneously. To further verify the effectiveness of the proposed method, we will also consider the mode-by-mode method [14] , which is tedious and time-consuming as a comparison.
In mode-by-mode method, we measure the beat length of each mode, one mode at a time. The corresponding phase plates need to be inserted before and after the PM-FMF to selectively modulate and demodulate particular mode. An aligned SMF is used for detection. The polarizationinterference spectrum of the mode i can be given by
where μ i is the optical power coupling coefficient between PM-FMF and the aligned SMF patch cord. The different power coupling coefficients has no impact on beat-length measurement results when the optical intensity monitored by OSA meets the need of dynamic range of OSA. Fourier transform of the polarization-interference spectrum reaches its peaks at n i (i = 1 . . . N) and the beat-lengths can be obtained according to
What needs to be emphasized is that Fourier transform, as an effective way to eliminate some disturbances introduced by external factors (such as the noise, instability of light source, etc), guarantees measurement accuracy at a high level.
Experimental Results and Discussions
The fiber under test is a 3-mode (LP 01 , LP 11a and LP 11b ) PANDA-type PM-FMF provided by Fiberhome and the geometry parameters are shown in Table 1 . The mode profiles simulated by COMSOL and measured by CCD are shown in Fig. 2 .
The FMF patch cord is a piece of OFS 4-mode fiber, which is capable of guiding all modes in the PM-FMF. The wavelength ranges from 1526 nm to 1600 nm, which is limited by the ASE light source. The OSA used in our experiment has a free space optical input structure and the wavelength resolution of OSA was set to be 0.05 nm. The length of the PM-FMF is 11.965 m, which guarantees enough spectrum periods for fast Fourier transform (FFT). Figure 3 shows the measurement spectrums of LP 01 , LP 11a and LP 11b mode. The blue line in Fig. 3(a) shows the original polarization-interference spectrum of all modes using an FMF patch cord for detection; the red line in Fig. 3(a) is the ASE spectrum of the broadband light source, which can be used to calibrate the original measured spectrum. Taking the Fourier transform of the calibrated optical spectrum measured by three methods, we obtain the normalized FFT of power showing in Figure 3(b) illustrates the result of simultaneous beat-length measurement of all modes using an offset SMF patch cord. This method presents an undesirable measurement performance. We can see much more obvious interference peaks instead of just the corresponding peaks of the guided modes, which makes it hard to extract the beat-lengths. Figure 3(c) illustrates the result of simultaneous beat-length measurement of all modes using an FMF patch cord, the peaks of the FFT spectrum indicate refractive index differences of the guided modes. The measured beat-lengths at 1550 nm are L B −01 = 3.0440 mm, L B −11a = 2.9580 mm, L B −11b = 3.1231 mm, respectively. The measurement result of mode-by-mode method is shown in Fig. 3(d) . We plot the normalized Fourier transform power of the three modes on one graph and distinguish the modes with different colors. The beat-lengths are measured to be L B −01 = 3.0421 mm, L B −11a = 2.9580 mm, L B −11b = 3.1200 mm at 1550 nm. Obviously, when beat-lengths are measured simultaneously, the mode-conversion efficiency at input end of PM-FMF is lower than that when beat-lengths are measured mode-by-mode, resulting Fig. 3(c) looks noisier than Fig. 3(d) .
The comparison results of our proposed measurement method and complicated mode-by-mode measurement method are summarized in Table 2 . We can easily find that the beat-lengths of each mode measured by these two methods remain the same on the order of 0.01 mm at the same OSA wavelength resolution, which proves the effectiveness of our proposed measurement method. Based on the above discussion, the proposed method overcomes the undesirable measurement limitation of the offset SMF based method when the beat-lengths are measured simultaneously. Meanwhile, it has accurate beat-length measurement result which matches well with the result of the complex mode-by-mode method.
Conclusions
We propose and experimentally demonstrate, for the first time, a suitable method for measuring beat-lengths in PM-FMF simultaneously for all guided modes. We derived the beat-length formula of PM-FMF and perform measurement on a 3-mode PANDA-type PM-FMF. The method eliminates the influence of intermodal interference due to the orthogonality of guided modes. The theory and experiment presented here can apply to PM-FMFs supporting more than three guided modes.
